Voltage-gated potassium channels are formed by the tetramerization of their ␣ subunits, in a process that is controlled by their conserved N-terminal T1 domains. The crystal structures of Shaker and Shaw T1 domains reveal interesting differences in structures that are contained within a highly conserved BTB/POZ domain fold. The most surprising difference is that the Shaw T1 domain contains an intersubunit Zn 2؉ ion that is lacking in the Shaker T1 domain. The Zn 2؉ coordination motif is conserved in other non-Shaker channels making this the most distinctive difference between these channels and Shaker. In this study we show that Zn 2؉ is an important co-factor for the tetramerization of isolated Shaw and Shal T1 domains. Addition of Zn 2؉ increases the amount of tetramer formed, whereas chelation of Zn 2؉ with phenanthroline blocks tetramerization and causes assembled tetramers to disassemble. Within an intact cell, full-length Shal subunits containing Zn 2؉ site mutations also fail to form functional channels, with the majority of the protein found to remain monomeric by size exclusion chromatography. Therefore, zinc-mediated tetramerization also is a physiologically important event for full-length functional channel formation.
Voltage-dependent potassium channels (Kv channels) play important roles in regulating the excitability of electrically active cells such as neurons and muscle cells (1) (2) (3) . We are interested in the unique properties and biological roles for the different classes of voltage-dependent potassium channels that have existed as distinct groups for hundreds of millions of years. Kv channel ␣ subunits assemble into tetramers, and they are classified into different subfamilies based on sequence homology and assembly specificity (3, 4 -6) . In general, the subunits in specific subfamilies form functional channels by the selective tetramerization of these subunits only with other members of the same subfamily.
Previous work on Shaker channel assembly has identified the T1 domain, a highly conserved N-terminal cytoplasmic domain, as a critical determinant for subunit self-association into tetrameric channels (7) (8) (9) . Recently, we reported a notable structural difference between the Shaker (Kv1) and Shaw (Kv3) type ␣ subunits based on crystallographic analyses of the T1 domains of these subunits (10, 11) . Comparisons between these structures revealed that an intersubunit Zn 2ϩ atom is coordinated between the subunits of the tetrameric T1 domain of Kv3 but not Kv1. By sequence analysis, it was noted that the Zn 2ϩ coordination residues are highly conserved in all Shaw (Kv3), Shab (Kv2), and Shal (Kv4) subunits but are never seen in Shaker (Kv1) subunits. The lack of an intersubunit Zn 2ϩ site in the Shaker T1 domain is the primary structural feature that we have identified to distinguish this channel gene family from the other voltage-gated potassium channels (12) .
Given the central role for the T1 domain in the assembly of Kv channels, we hypothesize that the interfacial Zn 2ϩ coordination site is likely to be important for channel subunit assembly. However, given that Shaker type subunits assemble and function without a T1 Zn 2ϩ site, the question remains as to the significance for the Zn 2ϩ contribution toward subunit association into tetrameric channel. In these studies we have demonstrated the functional importance of Zn 2ϩ for Shaw T1 tetramerization and extended these results to the Shal type Kv channel Kv4.2.
EXPERIMENTAL PROCEDURES
DNA Subcloning-Rat Kv4.2 cDNA was obtained as a gift from the L. Jan laboratory (pBS-rKv4.2). A bacterial T1 expression construct containing amino acids 41-162 of the Kv4.2 N terminus was made by PCR adaptor subcloning into the pET20 vector and was confirmed by fulllength sequencing. The T1 constructs from the Aplysia and rat Kv3.1 sequences were cloned into pCITE2 vectors by PCR and confirmed by full-length sequencing. The N terminus of rKv4.2 was cloned into the vector pEGFP-N1 (Clontech) by PCR subcloning, both replacing EGFP 1 within the vector to make wild type Kv4.2 and in-frame with the C terminus of EGFP to make EGFP-rKv4.2. The remainder of rKv4.2 was subcloned as an EcoN1, MfeI cassette. The resultant cloning was confirmed by full-length sequencing. We noted a discrepancy in these clones from the originally published sequence for rKv4.2, where the codon for residue 537 is actually ATC and not TCT. This changes the residue at this position from Ser to Thr. This sequence difference is present in the original DNA for rKv4.2,and in other rKv4.2 sequences; therefore, we feel the most likely explanation is a sequencing error in the original publication. Kv3.1 T1 constructs were cloned into pCITE2a vectors (Novagen). cRNA was synthesized using Message Machine (Ambion) and protein-synthesized using rabbit reticulocyte lysates (Promega). The His 6 tag was made by cloning in-frame with a C-terminal His tag on pCITE2a, adding the sequence "SSSVDKLAAALEHHH-HHH," which increased the molecular mass ϳ2 kDa (ϳ10%) and allowed easy separation of tagged and untagged by size differences on SDS-PAGE.
Zinc coordinate site mutants were made using the QuickChange™ strategy and reagents (Stratagene, Inc.), with oligonucleotides that were 36 -48 bases in length. All mutations were confirmed by DNA sequence analysis through the entire coding region.
Electrophysiology and Channel Biophysics-Electrophysiological recordings were performed on CHO cells transiently transfected with cDNAs using LipofectAMINE. Recordings were performed using an Axopatch 200B voltage clamp and using pClamp 7.0 software (Axon Instruments), and data analysis was performed with pClamp 7.0 and Origin 6.0 software. Transfected cells were identified by fluorescence microscopy to EGFP using an inverted Diaphot microscope (Nikon, Inc.) equipped for fluorescence detection. For constructs not tagged with EGFP, pEGFP-N1 cDNA was included in the transfection to label transfected cells. Cells for recording were selected as having a healthy spindle shape, with clear EGFP expression, and normal resting potentials and leak properties. Expression levels were measured by voltage clamp steps to ϩ40 mV from a holding potential of Ϫ80 mV. Complete activation and inactivation curves were measured from expressing cells to confirm the normal channel properties. In mutant cells, not evidently expressing functional channels, we also performed additional studies with a wider range of prepulse and test voltages to confirm that the cells were not expressing functionally shifted channels. We did not observe any evidence for active K ϩ channels with functionally shifted gating following Zn 2ϩ site mutagenesis. Atomic Absorption Flame Spectroscopy-Atomic absorption was carried out in the Chemistry Department of Rice University on a GBC 908/909 spectrometer set for zinc by using commercially available standards (Pierce) to quantify the zinc content of FPLC fractions containing Kv4.2 T1 tetramer, monomer, or no protein as control. Protein was either in Tris-buffered saline, using 50 mM Tris-HCl, pH 7.4 or 8.0, or phosphate-buffered saline, using 50 mM potassium phosphate, pH 7.4. Control zinc standards in 50 mM phosphate buffer had the same values as the same standards in water; therefore, no corrections for phosphate were made.
Biochemical Analysis by SEC-FPLC-For AKv3.1 and rKv3.1 T1 domains, the protein was translated from cRNA using rabbit reticulocyte lysates (Stratagene, Inc.) with labeling using [
35 S]methionine (Amersham Biosciences), as described previously (7) . Initial studies were performed on a Waters high pressure liquid chromatography using SEC125 columns (Bio-Rad) as described previously (13) . Later studies were performed on a Amersham Biosciences FPLC system using Superose 12 columns, using identical buffers, with flow rates of 0.5 ml/ min. Half-ml fractions from the separation were analyzed by SDS-PAGE gels and autoradiography on PhosphorImager screens as described previously (7) .
Protein Isolation-The Kv4.2 T1 domain in pET 20 vector was transformed into BL21-pLysS cells per the directions from the manufacturer (Stratagene, Inc.), and transformants were selected by growth on LB agar plates with added chloramphenicol and carbenicillin. Selected colonies were grown in LB plus the above antibiotics to an A 600 ϳ1 and then induced with 1 mM isopropyl-1-thio-␤-D-galactopyranoside with added zinc sulfate at 80 -100 M, at room temperature for 5-8 h. Bacteria were harvested by centrifugation at 6000 rpm, 15 min, and then washed with 50 mM Tris-HCl, pH 8, 20% sucrose, and re-centrifuged as above. They were then suspended in the same Tris/sucrose buffer (20 ml/liter culture), with added protease inhibitors (see below under "Intact Channel" for protease inhibitor combination), and treated with lysozyme (80 mg/liter culture) on ice for 1 h to initiate lysis. The cell suspension was subjected to 3 freeze/thaw cycles to enhance lysis. Lysis was further facilitated by the subsequent addition of Triton to 0.5% and additional 2 freeze/thaw cycles. Finally the lysate was brought to 5 mM Mg 2ϩ with the addition of MgSO 4 and treated with DNase I at 1 mg/liter culture for 20 min at room temperature or until no residual viscosity remained.
The cell lysate was then centrifuged at 13000 ϫ g for 20 min, and the clear supernatant was decanted and filtered through a 0.45-micron filter. NaCl and imidazole (pH 6.8) were added to 1.5 M and 10 mM, respectively, and then the lysate was loaded onto a previously equilibrated 1-ml HiTrap Ni 2ϩ chelate column (Amersham Biosciences), at ϳ1 ml/min at room temperature. The column was washed with 50 mM Tris-HCl, pH 8, with 0.3 M NaCl and 20 mM imidazole, and then the bound protein was eluted in 1 ml of the above buffer ϩ 250 mM imidazole. Zinc sulfate to 50 M was added, and the protein was either further fractionated by FPLC within 1-5 days or dialyzed into 50 mM Tris-HCl, pH 8, 0.15 M NaCl for longer term storage. Protein purified in this way was typically greater than 95% pure Kv4.2, and typically it was ϳ90% tetramer and Ͻ5% monomer. SEC-FPLC analysis was performed on Superose 12 columns using 280 nm absorbance to determine the elution volume from the column.
Intact Channel-CHO cells were plated into 100-mm dishes and transfected with FuGENE™ (Roche Diagnostics), as recommended by the manufacturer, using either the wild type or the EGFP-tagged versions of rKv4.2 or the respective zinc site mutated channel constructs. At 20 -24 h, the cells were harvested by first washing the attached cells with ice-cold PBS, 2ϫ, and then a low ionic strength buffer of 50 mM Tris-HCl, pH 8, 1ϫ. Cells were then covered with a minimum volume, usually 1 ml, of the same low ionic strength buffer ϩ a mixture of protease inhibitors ("complete" EDTA-free version, Roche Diagnostics), and 1 mM benzamidine or phenylmethylsulfonyl fluoride, and held for 30 min on ice. The cells were then harvested by tituration with a pipette and sonicated for 4 -12 cycles (20%) to encourage complete lysis. After a spot check by microscopy to ensure cell lysis, the lysed cells were centrifuged at low speed for 2 min to spin down organelles. A second centrifugation at 60,000 rpm for 20 min served to pellet the cellular membranes, and the resultant pellet was resuspended in 50 mM TrisHCl, pH 8, 0.15 M NaCl, at a volume of 0.15-0.25 ml/100-mm dish. For subsequent SDS-PAGE analysis, the cell membranes were then mixed with an equal volume of loading buffer. For subsequent FPLC analysis, the membrane suspension was sonicated as above, and then CHAPS was added to a final concentration of 0.5%. The CHAPS-solubilized membranes were held on ice for 30 min, then re-centrifuged at 60,000 rpm as above, and filtered through a 0.2-micron filter before direct loading onto a Superose 6 FPLC column. Running buffers used were identical to the buffers used for T1 domain analysis except for the addition of 0.5% CHAPS to ensure solubility of the membrane proteins. The elution profile of proteins was determined by Western blotting of fractions using ECL (Pico-ECL, Pierce). For Zn 2ϩ site mutants an enhanced ECL substrate was typically required to visualize the protein (Femto-ECL, Pierce). Biomax MR film (Eastman Kodak Co.) was used to expose the blots, and then the film was digitized using a Multiimage Light Cabinet and accompanying software (Alpha Innotech, Inc). Digital images were further processed in Adobe Photoshop, version 5.5.
Transfection and Microscopy of Channel-expressing Cells-COS-7 cells plated on coverslips were transfected with cDNAs using Fu-GENE™. Staining of internal membranes with tetramethyl rhodaminebrefeldin A was performed immediately before fixation as described previously (26, 27) . Cells were harvested at 24 -30 h post-transfection as follows: the coverslips were washed 2 times with ice-cold PBS, then fixed for 30 min, on ice, using 4% paraformaldehyde (EM Sciences Corp.) in PBS, pH 7.4. The fixed cells were washed 2 times more with PBS and soaked in PBS for 60 -120 min. Finally the coverslips were coated with 1 drop of Vectashield (Vector Laboratories) and mounted onto glass slides. The fixed cells were visualized either with a Zeiss LSM Confocal system or a Deltavision deconvolution microscope. Images captured for deconvolution were obtained as 0.2-m sections and deconvoluted using Deltavision software on a Silicon Graphics computer. Images were composed using Adobe Photoshop 5.5.
RESULTS AND DISCUSSION
Crystallographic analysis of the Aplysia Shaw Kv channel T1 domain revealed a surprising intersubunit Zn 2ϩ present at the tetramerization interface (11) . Such an intersubunit Zn 2ϩ was not present in the previously crystallized Shaker Kv channel T1 domain and was not suspected prior to this work. Sequence analysis of other T1 domains showed that the Zn 2ϩ coordination residues found in the Shaw T1 domain are conserved in virtually all non-Shaker type Kv channel T1 domains (12) . The location of the Zn 2ϩ at the assembly interface in the crystal structure suggests that Zn 2ϩ might play a role in subunit assembly.
Assembly of Shaw T1 Protein in Vitro-In order to test for the differential effects of Zn 2ϩ on Shaw versus Shaker T1 tetramerization, we translated T1 domain proteins in vitro in the presence of Zn 2ϩ or Zn 2ϩ chelation reagents, and we assessed the ability of the translated proteins to assemble to tetramer by size exclusion chromatography (SEC) on FPLC as described previously (13) . In SEC, protein samples are run through a column matrix with a distribution of pore sizes that determines the volume through which the protein must flow in order to elute from the column. Larger proteins are excluded from most pores, so the larger the protein the smaller the elution volume and the sooner the protein will elute from the column. In all experiments, T1 domains are translated as isolated soluble proteins, whereas full-length proteins are translated into membranes and must be solubilized with detergents to characterize assembly state. When Shaw T1 protein is translated in vitro under control conditions, the protein is found in two peaks as seen previously with the Shaker T1 domain (see Fig. 1A ), with typically ϳ60% of the protein in the high molecular weight peak of tetramer and the remaining 40% in the low molecular weight peak of monomer. The locations of these peaks in the chromatograph are similar to the positions of the previously characterized monomer and tetramer peaks for the Shaker T1 domain (Fig. 1B) . To confirm that the higher molecular weight peak is a multimeric T1 domain, and not due to the Shaw subunit in a multiprotein complex via interactions with other protein components present in the reticulocyte in vitro translation mix, we performed a co-precipitation analysis to confirm that the higher molecular weight fractions correspond to the assembled Shaw T1 protein.
To analyze the assembly state of Shaw T1 proteins, we cotranslated subunits with and without a His 6 tag (Fig. 1C) . If an untagged Shaw T1 domain is applied to a Ni 2ϩ affinity resin it does not bind, and no protein is eluted from the beads (Fig. 1D ).
In contrast, if the same protein is co-translated with a His 6 -tagged Shaw T1 protein, then the untagged subunit is copurified with the tagged subunit ( Fig. 1E) , demonstrating that the proteins are assembled into a multimer. By applying this same analysis to each fraction in the SEC FPLC separation of co-translated tagged and un-tagged Shaw T1 proteins, we could determine the assembly state for protein running in these two peaks. As seen previously with Shaker T1 domain proteins, we find that untagged Shaw protein was selectively co-precipitated only in the higher molecular weight peak (Fig. 2) . Because the sizing of this peak is similar to the previously characterized Shaker tetrameric peak, we conclude that both Shaker and Shaw T1 domains assemble into tetramers in vitro. Similar to Shaker T1 domains, the Shaw T1 domain protein is separated into discrete tetramer and monomer peaks on SEC FPLC columns with no evident dimer or trimer peaks. 35 S-labeled Aplysia Shaw T1 domain protein was run over an SEC125 column to separate the subunits according to size. Fractions were collected and run on an SDS-PAGE gel. The gels were subjected to autoradiography to visualize the positions of the Shaw protein subunits. B, Shaw T1 protein runs in 2 distinct peaks at similar sizes to the previously characterized monomer and tetramer peaks of Shaker T1 protein. C, control separate translations of His 6 -tagged and un-tagged Shaw T1 protein show that the proteins are easily separated by SDS-PAGE. D, Shaw T1 protein synthesized without a His 6 tag does not bind to a Ni 2ϩ affinity resin. L, load; F, flow-through; B, wash with binding buffer; W, wash with wash buffer; E, elution of specifically bound protein. E, when co-translated with a Shaw T1 domain containing a His 6 tag, the untagged Shaw T1 protein is co-purified on a Ni 2ϩ affinity resin, demonstrating that the two proteins have co-assembled with one another.
FIG. 2. Higher molecular weight peak on SEC125 separation corresponds to assembled Shaw T1 protein.
A, Shaw T1 protein was co-translated in vitro with and without a His 6 tag and then separated on an SEC125 column. Fractions collected were subjected to assembly analysis described in Fig. 1 , C and D. SDS-PAGE reveals the separation of the material by SEC, with both tagged and untagged Shaw T1 proteins running in two peaks. Following affinity purification on Ni ϩ affinity resin, Shaw tag-less T1 is co-purified only from fractions corresponding to the higher molecular weight peak. B, quantification of the experiment in A shows the selective elution of untagged Shaw T1 protein only occurs in the high molecular weight peak, identifying this peak as the tetrameric Shaw T1 protein peak. ecule, dramatically reduces the ability of the Shaw T1 domain to tetramerize, with over 80% of the protein found in the monomeric peak. This suggests that residual Zn 2ϩ already present in the in vitro translation mix is sufficient to drive assembly under control conditions. We observe some variability in the level of tetrameric protein with different batches of in vitro translation mix that may be due to variability in intrinsic Zn 2ϩ concentration, because this variability is greatly reduced with addition of Zn 2ϩ . We next tested the reversibility of the Zn 2ϩ -mediated assembly. Shaw protein that was translated in the presence of Zn 2ϩ was then incubated for 30 min following addition of phenanthroline. After separation on SEC-FPLC, we find that the assembly induced by Zn 2ϩ is readily reversible by chelation of free Zn 2ϩ with phenanthroline after the translation reaction is completed.
In addition to the Aplysia Shaw protein, we also asked if the rat Kv3.1 Shaw T1 domain behaved similarly. As seen in Fig. 5 , identical results are obtained with the rat Shaw Kv3.1 T1 domain. Zinc promotes the assembly of rat Shaw T1 domains, and phenanthroline addition causes the protein to disassemble to monomer. In contrast, a Shaker T1 domain, which lacks the Zn 2ϩ site, shows no preferential assembly in Zn 2ϩ , and indeed even appears to assemble less efficiently in the presence of Zn 2ϩ (Figs. 3B and 4B) .
Assembly of Zn 2ϩ
Site Mutant T1 Domains-To distinguish whether the residual assembly of Shaw T1 domains in the presence of Zn 2ϩ chelators is due to residual Zn 2ϩ binding or the assembly of apoShaw T1 domains at a lower affinity, we performed site-directed mutagenesis on the Zn 2ϩ coordination residues and tested for their ability to self-tetramerize and their sensitivity to Zn 2ϩ manipulations. The original zinc coordinate sphere is composed of a single histidine and 3 cysteine residues, one of which is the amino acid that bridges to the zinc coordinate sphere of the adjacent subunit to make the intersubunit linkage. Fig. 6 shows the SEC FPLC profiles for the Kv3.1 Zn 2ϩ site mutants H75A and C81A, the bridging cysteine. In both cases the majority of the protein is found in the monomeric fractions. However, ϳ10 -20% of the protein persists in the tetrameric fractions. The distribution of these mutant proteins is not sensitive to increases in Zn 2ϩ or chelation of residual Zn 2ϩ with phenanthroline, suggesting that the apoShaw protein retains some affinity for tetramerization in the absence of bound Zn 2ϩ . Zn 2ϩ Dependence of Shal T1 Assembly-We next sought to determine whether the Zn 2ϩ dependence for assembly is identical for Shal, Kv4, channels, another Kv channel subfamily that retains the conserved Zn 2ϩ coordination site within the T1 domain. Shal subunits are thought to form A-type potassium channels in neurons and cardiac cells, and Kv4 has been found in clustered distributions on the cell surface of several types of excitable cells (14, 15) . Because the potassium current serves to limit the amplitude and duration of the action potential, this uneven distribution suggests that there are regional differences in the membrane excitability and that Kv4 modulates synaptic transmission in a topologic specific manner. As an example, recent work (16) has revealed the importance of Atype channels in controlling back propagation of the action potential into neuronal dendrites, and it is suggested that the modulation of this current may impact synaptic plasticity.
In order to perform parallel crystallographic studies on Kv4 T1 domains, and to quantify the assembly of the T1 domain, we have focused on the analysis of the rat Kv4.2 T1 domain made by overexpression in bacteria. Following purification from bacteria, the Kv4 T1 domain is found to migrate as a single peak at a molecular weight expected for a T1 tetramer (see Fig. 7A ). We confirmed that this protein also contained zinc at the ratio expected for the intersubunit zinc that was observed in the crystal structure of the Kv 3.1 T1 domain. The T1 domain of Kv4.2 was found to contain 4.2 Ϯ 0.2 mol of Zn 2ϩ per mol of tetrameric protein using atomic absorption spectroscopy and zinc standards for the analytical zinc determination, and an ⑀ 280 of 1 for a protein determination at 280 nm.
Like the Kv3 type T1 domains, the Kv4.2 T1 domain protein can be dissociated to a lower molecular weight monomer by incubation with phenanthroline (see Fig. 7A ), resulting in a zinc content of Ͻ0.1 mol of Zn 2ϩ /mol of Kv4.2 subunit. In comparison to Kv3, the Zn 2ϩ dependence for Kv4.2 T1 domains is even greater, with virtually complete elimination of subunit tetramerization following Zn 2ϩ chelation with phenanthroline. Given the high concentration of Kv4.2 protein in these experiments, at 1-4 mg/ml, or ϳ30 M, these results strongly suggest that Zn 2ϩ must be present to drive Kv4.2 T1 domain tetramerization at physiologically relevant protein concentrations. We have confirmed the effect of phenanthroline on Kv4.2 T1 association by analytical ultracentrifugation using both sedimentation velocity 2 and sedimentation equilibrium (17) ; by all three methods of SEC-FPLC and ultracentrifugation, we see no dimer or trimer and only a bi-molecular distribution of tet-2 C. Strang and P. J. Pfaffinger, unpublished results.
FIG. 5. Zn
2؉ dependence for Shaw T1 protein assembly is a conserved property in different species. Rat Shaw T1 protein was translated in vitro and analyzed for Zn 2ϩ -dependent assembly as described for the Aplysia Shaw T1 protein in Fig. 3 . A, like the Aplysia Shaw T1 protein, the rat Shaw T1 protein shows a shift to the assembled peak fractions following translation in Zn 2ϩ , and a shift to monomeric fractions following translation in phenanthroline (Phen). B, averaged data quantified as described in Fig. 4 show a similar Zn 2ϩ dependence for the assembly of rat Shaw T1 protein.
Kv4 Channel Assembly Is Zinc-dependent
rameric and monomeric subunit forms. Other studies we have recently performed show a similar metal-dependent association using 10 mM EDTA and, furthermore, identify a pH dependence for the assembly of this protein (17) . We next tested whether the monomeric Kv4.2 apoprotein is still competent for Zn 2ϩ binding and tetramerization. We find that the Kv4.2 apoprotein can reversibly bind Zn 2ϩ and reassemble into a tetramer.
Mutation of the expected zinc coordinate amino acids histidine 104 to an alanine or the adjacent cysteines 132 and 133 to alanines (C2A2) yielded soluble monomers of the Kv4.2 T1 domains as judged by migration on SEC-FPLC. Interestingly, in the absence of chelators, the mutants retained zinc at substoichiometric levels, ϳ2.2-2.7 zinc/tetramer, and the partially liganded subunits aggregated with time. Addition of chelators to the aggregated subunits yielded nearly zinc-free protein and resulted in full dispersion of the aggregate back to monomeric subunits of T1. The location of this substoichiometric Zn 2ϩ within the complex is not clear nor is the mechanism for this aggregation. It is possible that the normal liganding site retains some lower affinity for Zn 2ϩ even in these mutants. In comparison, after making the same mutations in the Shaw T1 domain, the expressed subunits in bacteria were found in inclusion bodies; furthermore, chelation of Zn 2ϩ from the bacterially expressed wild type Shaw T1 domain caused the protein to fall out of solution in a matter of hours. It should be noted that the in vitro translated Shaw T1 domain showed no evident tendency to fall out of solution with Zn 2ϩ chelation, suggesting that solubility problems with the apoShaw protein are concentration-dependent, possibly reflecting low affinity hydrophobic interactions between subunits. These findings are consistent with the oligomerization studies on the domains that were translated in vitro, as the 35 S-labeled Shaw T1 showed some residual interaction that was zinc-independent, whereas the 35 S-labeled Shal T1 showed only zinc-dependent binding.
Effects of Kv4.2 Zinc Coordinate Site Mutations on Functional Expression-
The previous results provide direct confirmation of the functional importance for Zn 2ϩ in the tetramerization of the T1 domains from non-Shaker type Kv channels. We next sought to determine the importance of Zn 2ϩ in the functional expression of full-length Shal channels in intact cells. To test for the importance of the T1 Zn 2ϩ site, we examined the effects of Zn 2ϩ site mutations on the functional expression of Kv4.2 channels. We constructed a number of single, double, triple, and quadruple mutations of the Zn 2ϩ coordination residues within the full-length Kv4.2 subunit, using alanine substitutions, to determine whether the mutational effects are consistent with a common mechanism of action, loss of
FIG. 6. Mutations in the Zn
2؉ coordination residues identified in the Shaw T1 crystal structure eliminate Zn 2؉ dependence for Shaw T1 assembly. Shaw T1 proteins with mutations in Zn 2ϩ coordination residues Cys-81 and His-75 to alanine show a dramatic loss of subunit tetramerization that is not rescued by addition of 100 M Zn 2ϩ . A, Superose 12 separation of Shaw T1 C81A shows the majority of the protein in the monomeric peak. B, Superose 12 separation of Shaw T1 H75A mutant likewise show the majority of the protein in the monomeric molecular weight peak. C, averaged data for Shaw T1-C81A translated with Zn 2ϩ confirms the dramatic loss of assembly as compared with wild type protein in Fig. 4 . D, a similar result is obtained for the Shaw T1-H75A mutant.
Zn
2ϩ -driven assembly. We then tested for the ability of the subunits with zinc site mutations to form functional channels as measured by the expression of the A current (see Fig. 8 ). CHO-K1 cells were transfected with identical amounts of normal or mutant Kv4.2 subunit expression construct cDNAs by using cytomegalovirus promoters to drive mRNA production and whole cell voltage clamp to measure levels of expressed current. Transfected cells were identified by fluorescence by either co-expression with a low level of EGFP or expression of an N-terminal EGFP fusion construct, EGFP-Kv4.2. Functional expression of Kv4.2 in CHO-K1 cells is on the order of 96 Ϯ 25 pA/pF (n ϭ 13) at ϩ50 mV. In contrast, cells transfected with Kv4.2 subunits containing Zn 2ϩ site mutations yielded no measurable A-type currents. These results suggest that Kv4.2 subunits alone do not efficiently form channels without a functional Zn 2ϩ site.
Assembly and Trafficking Analysis of Kv4.2 Zn
2ϩ Mutant Proteins-In order to test whether the Zn 2ϩ site mutant channels were defective in assembly or trafficking, or both, we inserted our Zn 2ϩ site mutations into EGFP-tagged Kv4.2 subunits, EGFP-Kv4.2, and we followed the protein expression by microscopy and SEC-FPLC. Fluorescence microscopy with EGFP-Kv4.2 revealed an extensive labeling of the internal membrane system of COS-7 cells, with much fainter cell surface expression (see Fig. 9 ). Channel retention in the internal membranes of the ER and Golgi apparatus (31, 32) was confirmed by brief labeling of live cells with tetramethyl rhodamine-brefeldin A, which is only fluorescent in internal membrane compartments, and co-localization of the red brefeldin and the GFP (Fig. 9, B and D) . Mutant EGFP-Kv4.2 subunits showed similar labeling of internal compartments, although the labeling was typically fainter (Fig. 10) . In previous studies, we have shown that Shaker channel subunits with assembly mutations are unstable in cells. The weaker fluorescence for EGFP-Kv4.2 mutants suggests a similar mechanism may be operating here and that, in general, the Kv subunit monomers may be less stable in cells than assembled tetramers. To test directly if the mutant subunits were being retained as monomers, we solubilized membranes from cells expressing wild type and mutant Kv4.2 subunits, and we separated them according to size by SEC-FPLC in the presence of 0.5% CHAPS (see Fig. 11 ). For wild type EGFP-Kv4.2 protein, a single peak at a molecular mass of ϳ480,000 daltons was observed, consistent with the protein being tetrameric. For the Zn 2ϩ site mutant proteins, a single low molecular weight peak that migrates at a molecular weight expected for monomers was typically seen. Occasionally, transfections of mutants were seen with higher levels of expression, as shown below for the mutant EGFP-Kv4.2-C3HtoA4. In this experiment, the protein shows a broader SEC-FPLC profile with a low but detectable peak at the position where tetramers would elute. Additionally, the broader profile suggests that dimers as well as monomers might have formed in this experiment. Given that GFP proteins are known to dimerize at higher expression levels, it seems likely that this shift is attributable to a GFP-GFP interaction. To test whether these shifts in size correspond to the formation of functional A channels, we performed whole cell clamp on CHO cells showing bright green membrane fluorescence. Functional expression of wild type channels tagged with EGFP is robust in these cells, as expected for cells expressing 2ϩ availability in cells provide either a dynamic means to regulate the formation of Kv4 channels or to regulate the functional properties of Kv4 channels already at the cell surface. Phenanthroline in a range of concentrations was applied to CHO cells transfected with Kv4.2 cDNA, and currents were recorded 24 h. later. At concentrations higher than 100 M, phenanthroline application resulted in cells that floated off the substrate, and any whole cell clamps obtained were swamped by leak currents, making measurements of A-type currents impossible. Between 25 and 100 M phenanthroline, cells tended to round up and lose their resting membrane potential. Voltage clamp recordings showed definite evidence for small A currents in some cells (Fig. 8C) ; however, ϳ50% of these cells could not be recorded due to large leak currents, and of the cells that could be recorded, the membranes of these cells did not respond well to voltage clamp and tended to display erratic leak currents making it difficult to fully characterize these currents.
We then solubilized channels from these cells for biochemical analysis, and we tested by SEC-FPLC whether phenanthroline had an effect on Kv4.2 channel assembly. Results from the FPLC separation indicated that channels solubilized from phenanthroline-treated cells do not run at the expected tetramer position but rather migrate at molecular weights expected for dimers and monomers (Fig. 12) . This result was found to be independent of when the phenanthroline was added to the cells, whether it was added during culturing or only at the time of cell lysis and fractionation of the membrane portion. The phenanthroline-dissociated channel was apparently dimeric for both Kv4.2 and GFP-Kv4.2, as well. When phenanthroline was added to the culture medium, it did appear to induce a reduction in the overall protein levels (compare the 1st and 2nd rows with the 4th and 5th rows of Fig. 12 ) but not the molecular weight of the dissociated channel. Because these biochemical experiments sample a channel pool from all cells, and only a fraction of the treated cells could be recorded from biophysically, it is difficult to fully reconcile the biochemistry and the electrophysiology precisely. We cannot distinguish between the possibility that the functional currents we have recorded come from a small population of cells still making tetramer that is not detected on SEC-FPLC or that phenanthroline treatment destabilizes all channels sufficiently to allow their dissociation in the presence of the normally non-denaturing detergents needed to solubilize the channels for SEC-FPLC.
We next tested if acute applications of phenanthroline had any immediate effects on pre-assembled Kv4.2 channels already on the cell surface. Phenanthroline from 50 to 500 M was applied to whole cell clamped CHO cells expressing Kv4.2 currents, either through the patch or applied in the bath. For times up to 30 min, no significant changes in current amplitudes or gating properties were observed, indicating that the channel remained tetrameric and in a functionally native conformation. Interestingly, the membranes also did not display the large current leakage that was found when voltage clamping cells that had been exposed to similar levels of phenanthroline over time. Despite this normal function, the addition of phenanthroline to solubilized channels does disrupt the tetrameric migration of these proteins on SEC-FPLC. It is difficult to conclude whether our acute phenanthroline treatment in cells has any effect until solubilizing detergents are added to the cellular lysate.
Conclusions-In these studies we have been testing the hypothesis that binding of Zn 2ϩ to the T1 domain of non-Shaker voltage-gated potassium channels is an important step in functional Kv channel assembly. The importance of a highly conserved Zn 2ϩ site present in non-Shaker Kv channels was tested in Shaw and Shal T1 domains by chelation of Zn 2ϩ , and Zn 2ϩ site mutagenesis. As predicted by the hypothesis, the tetramerization of these T1 domains was very sensitive to the intersubunit Zn 2ϩ . In the presence of Zn 2ϩ , most of the T1 domain was tetrameric, whereas Zn 2ϩ chelation drives the T1 domain back to monomer. The Zn 2ϩ dependence for T1 tetramerization was not shared by the Shaker T1 domain that lacks the conserved Zn 2ϩ site. In fact, assembly for the Shaker T1 domain was inhibited in the presence of elevated Zn 2ϩ , an effect that may be related to the screening of the polar assembly interface by nonspecific binding at the elevated concentrations of Zn 2ϩ . Assembly of full-length channel requires multiple folding events such as tetramerization of the T1 domain, formation of the six transmembrane segments, and folding of the cytoplasmic C-terminal domain. Although most studies agree on the importance of T1 domain interactions for the subfamily-specific assembly of Kv channels, some studies have shown that functional expression of Kv channels can occur even with the T1 domain deleted (18, 19) . Hence, we also were interested in the role of Zn 2ϩ in full-length channel expression and its function in K ϩ movement. Because Zn 2ϩ and other chelatable cations are required for a number of vital functions in cells, we found it difficult to treat cells for extended times with chelating agents without affecting their biophysical properties adversely. Clearly however, there is an effect on channel stability on exposure to phenanthroline, and the loss of stability results in channels that are dissociated in membrane preparations of transfected cells. The lack of acute effects of phenanthroline on channel function suggests that the intact channel has a Zn 2ϩ -binding site that is resistant to chelators in the short term without detergents or that, once the channel has assembled, it continues to function normally over the short term even without Zn 2ϩ bound to this site. This second mechanism would be consistent with our previous studies with aKv1.1 channels, where we found that proteolytic removal of the T1 domain from assembled channels did not cause the assembled channels to dissociate to monomer but did make them more sensitive to disruption by detergents (20) .
Results obtained by using site-directed mutagenesis of the and Cys-3 to Ala-3 run as a single peak at a lower molecular weight, as expected for monomers. The detection of these proteins required an enhanced ECL solution, Femto-ECL, suggesting that they are less stable in cells. Occasionally, transfections with more protein, where the mutant protein can be detected by normal ECL conditions, are seen, as shown for the C3H to Ala-4 mutant. Under these conditions, a weak tetrameric peak is seen, as well as a broadening of the lower molecular weight peak into fractions expected to contain dimeric subunits. Locations of molecular mass standard peaks are shown above the fractions.
FIG. 12. Phenanthroline treatment of Kv4.2-transfected cells.
CHO cells transfected with Kv4.2 or GFP-Kv4.2 were either incubated in 100 M phenanthroline (Phen) from 6 to 18 h after transfection and harvested in 100 M phenanthroline (CϩH for culture ϩ harvest), or incubated in normal media but harvested in buffer with 100 M phenanthroline added (H for harvest). Samples were then solubilized in CHAPS and separated on Superose 6 SEC columns as described in Fig.  11 . The phenanthroline treatment resulted in dissociated channels that were in approximately the same fractions for both Kv4.2 and GFPKv4.2, translated in phenanthroline (CϩH, condition 1), or only harvested in phenanthroline (H, condition 2). By using molecular weight standards for native globular fractions, we calculate that fractions 30 and 31 would include proteins in the molecular mass range from ϳ138 to 220 kDa, and this range encompasses the 140-and 192-kDa values anticipated for dimeric Kv4.2 and GFP-Kv4.2, respectively. Therefore, protein in these fractions likely corresponds to channels that are not fully dissociated to monomeric subunits. Zn 2ϩ site were much more definitive. Mutations of the Shal Kv4.2 channel T1 Zn 2ϩ site completely eliminate functional channel expression. The mutations constituted alanine substitutions to regions of stable and conserved secondary structure that is either ␣-helix or ␤-strand. Alanine is commonly found in both of these structural elements, and zinc binding is the only side chain interaction for each of the substituted amino acids. Therefore, we do not expect long range effects from this type of substitution, independently of any effect from the loss of zinc binding. Furthermore, this functional loss is identical for a variety of mutations targeting the four amino acids, even though the residues originate from different secondary structural elements. Given that the only evident common factor here is that these residues are involved in the T1 Zn 2ϩ coordination site, we feel strongly that the loss of this binding site is the most likely reason for these functional effects.
We then studied zinc site mutant full-length subunit assembly inside the cell. We expressed EGFP-tagged Kv4.2 subunits in cells and tested for assembly by SEC-FPLC. Wild type subunits are found in the higher molecular weight fractions, consistent with efficient tetramerization of these subunits. Zn 2ϩ site mutant subunits, on the other hand, are found almost exclusively in the monomeric fractions. Another significant difference between these proteins is that the absolute protein levels produced by the transfections are typically much lower for Zn 2ϩ site mutants than wild type. Protein levels also were affected by incubation of cells in phenanthroline while they were actively synthesizing and assembling Kv 4.2 subunits, and assembly of tetrameric channel was inhibited. This is similar to what has been seen with Shaker channel assembly mutants, where there is a lack of stability for unassembled monomers in cells, and other membrane proteins with multimeric assemblies as well (20 -22) . Although the absolute level of protein is lower for Zn 2ϩ site mutants, when compared under identical conditions, the amount of subunit protein found in the monomeric fractions was always higher for the mutants than we found with the wild type. Our results suggest that Zn 2ϩ site mutagenesis produces a monomer pool of increased size as a result of lower binding affinity between subunits due to the loss of the contribution of zinc binding energetics toward subunit-subunit interactions that is selectively targeted for degradation.
In the cases where we achieved high levels of EGFP-Kv4.2 mutant expression, as judged by the strength of the Western blot signal, we observed a broadening of the lower molecular weight subunits into fractions where dimers would be expected to be found as well as a smaller amount of channel protein that may correspond to tetramer. We hypothesize that such dimers may represent subunits interacting through the dimerization of GFP proteins, rather than subunits assembling normally through their T1 domains. To determine further whether the material found in the tetrameric peak represents functionally assembled channels, we performed whole cell clamp on cells showing bright membrane-bound EGFP fluorescence. Although we find that wild type EGFP-Kv4.2 expresses large A-type currents, on the order of 115 Ϯ 15 pA/pF (n ϭ 20), the mutants clearly did not. This suggests that any artificial association mediated via dimeric EGFP-EGFP interactions is not sufficient to promote functional A current expression.
Finally, we must address the important question of why non-Shaker channels utilize an intersubunit Zn 2ϩ -binding site to boost their assembly. One possibility is that the Zn 2ϩ site may be an important regulator for these channels. In theory, the level of functional channel tetramer at the cell surface could be a direct function of the intracellular zinc concentration. However, we did not find significant changes in channel function by acute application of phenanthroline, and furthermore, it is not clear that cells do show dramatic changes in available intracellular Zn 2ϩ in the nanomolar range under normal physiological conditions. Therefore, Zn 2ϩ availability is an unlikely regulator of channel function through this site under normal conditions. Our studies do suggest that efficient tetramerization of subunits is important to stabilize subunit proteins, because mutants of Kv subunits that fail to assemble show reduced protein expression levels. Therefore, Zn 2ϩ binding might be a mechanism used to ensure efficient and rapid use of newly synthesized channel subunits.
There are some studies that suggest that internal [Zn 2ϩ ] fluctuations may become important under pathological conditions. Recent work from the laboratories of Choi and co-workers (23, 24) , Koh (25) , Fredrickson and Bush (26) , and Sloviter (27) have shown that intracellular zinc stores are depleted and apparently translocated to nearby cells under conditions of ischemia or seizure activity. In the hippocampus, where zinc is intensely concentrated in the presynaptic zone of the Mossy fibers of the CA3 neurons, zinc likely is released in a quantal fashion with other Mossy fiber neurotransmitters, and this type of release suggests a still unknown biological basis for zinc movement between cells. Furthermore, the primary intracellular zinc-binding proteins, the metallothioneins, are themselves regulated by glucocorticoids and other biological indicators of cellular stress (28 -30) . It is unclear whether such pathological changes in Zn 2ϩ concentration produce significant changes in voltage-gated potassium channel functional expression.
Other than metal chelation, it is possible that Zn 2ϩ binding may be lost by modifications at any of the coordination residues, and this change may be another possible mechanism by which the Zn 2ϩ site can be used to alter functional channel expression. As an example of such a mechanism, other studies with the Shal T1 domain have suggested that these subunits show a strong pH dependence for assembly, possibly due to protonation of the His residue that is part of the Zn 2ϩ coordination site (17) . Our future studies are aimed at determining if such chemical modifications to the Zn 2ϩ coordination residues are an important mechanism for Kv channel regulation.
